Our previous studies showed that during the embryonic development of avian long bones, growth of the cartilaginous component is regulated by multiple factors secreted by the surrounding perichondrium (PC) and periosteum (PO). The activities of these factors-which include both positive and negative regulators-can be detected in conditioned media from PC and PO cell cultures. In the present study, we have obtained evidence suggesting that a positive regulator is the peptide hormone calcitonin (CT). By mass spectrometry of conditioned media, one of the components has a molecular mass of 3. 
L ONG BONES ARE formed from preexisting cartilage
templates by endochondral ossification. During this process, chondrocytes progress through developmental stages of rapid proliferation, prehypertrophy/maturation, and hypertrophy before the cells are replaced by bone and marrow. Strict regulation of these stages of chondrocyte development is necessary to ensure the proper formation and growth of skeletal elements. A number of studies have shown the importance of negative regulation of cartilage growth (1) (2) (3) (4) (5) , but much less is known concerning the potential role(s) that positive regulators/stimulators of cartilage growth may have on skeletal development.
Both positive and negative regulation of cartilage growth have been attributed, at least in part, to the perichondrium (PC) and periosteum (PO), the tissues that surround cartilage and bone, respectively. For example, in studies employing organ cultures of an embryonic chick leg bone, the tibiotarsus, we (4) observed that removal of the PC and PO before culture resulted in extended growth in the cartilaginous epiphysis, compared with that of the intact tibiotarsus. However, in the boney diaphysis, there was no detectable change in growth-a result we have observed in a number of studies. This elongation of cartilage growth in such PC/PO-free cultures was shown to be due to increases in both chondrocyte proliferation and hypertrophy. These observations, in themselves, suggested a role for the PC and PO in negatively regulating cartilage growth. More recently, we (5) observed that conditioned medium from PC and PO cell cultures, when mixed and added to PC/PO-free organ cultures, restored normal cartilage growth. Cartilage growth was not restored to normal lengths when either type of medium was used alone. This suggested that factors secreted by the PC and the PO act cooperatively in the negative regulation of cartilage growth, and that this regulation compensated precisely for removal of the endogenous PC and PO.
During the course of these studies on negative regulation by the PC and PO, we serendipitously observed that the PC and the PO also produce one or more factors that stimulate cartilage growth. However, unlike the negative regulation that requires a cooperative interaction of factors from both the PC and the PO, this positive stimulation of cartilage growth was effected by each of the tissues independently. When conditioned medium from either the PC or the PO cell cultures was added individually to the PC/PO-free organ cultures, instead of an inhibition of cartilage growth, the growth in either conditioned medium was greater than that in the control (serum-free) medium. These results, when taken together, suggest that the regulation of cartilage growth during limb development involves both stimulators and inhibitors emanating from the PC and PO. A corollary is that the negative regulation effected by the cooperative action of the two tissues acting together modulates, or overrides, the positive stimulation effected by each individually. However, this remains to be tested.
In the present study, we have obtained evidence that the positive regulator produced by the PC and the PO-or at least one positive regulator-is calcitonin (CT). CT is a peptide hormone (molecular mass ϭ 3.4 kDa) produced primarily by the parafollicular cells in the thyroid, but it is also expressed in mammary tissue and pituitary tissue (6 -8) . CT is synthesized as a propeptide, procalcitonin, that is activated by amidation and proteolytic cleavage to release active CT (9) . Classically, the main function of CT is to maintain calcium homeostasis during growth, pregnancy, and lactation (7, 10, 11) . CT is secreted in response to high calcium levels in plasma (12) and prevents calcium release from bone resorption by osteoclasts (13, 14) . In this way, CT acts as an antagonist of PTH (13, 14) . In human serum, CT levels are Abbreviations: BrdU, 5-Bromo-2Ј-deoxy-uridine; CT, calcitonin; PC, perichondrium; PO, periosteum; RT, reverse transcriptase.
highest during the first year of life, a time when rapid skeletal development and growth is occurring (15) . To examine whether theses elevated levels of systemic CT might be involved in skeletal development, Burch and Corda (15) injected rats with CT and added CT to fetal pig scapula organ cultures. These treatments produced enlarged cartilages. Here, we present evidence consistent with CT being a positive regulator of cartilage growth and that, during endochondral bone development, the PC and PO are sources of the hormone, suggesting a local paracrine mechanism of action.
Materials and Methods

Perichondrial and periosteal cell cultures and collection of conditioned media
Separate cultures of perichondrial and periosteal cells were initiated without enzymatic digestion of the tissue, as previously described (5) . Briefly, the tissues were dissected from stage 38 tibiotarsi and were cut into small pieces with a scalpel. The pieces were put into 60-mm tissue culture dishes with a small amount of complete medium [0.5 ml DMEM (Life Technologies, Inc., Gaithersburg, MD) plus 10% fetal calf serum (Hyclone Laboratories, Inc., Logan, UT) and penicillin and streptomycin (Life Technologies, Inc.)]. Cultures were maintained at 37 C in 7% CO 2 , with the daily addition of 0.5 ml of fresh medium. After 7-8 d in culture, the tissue pieces produced an outgrowth of fibroblastic cells. Any remaining tissue pieces were mechanically removed, and the monolayer of cells was passaged. For this, the cells were dissociated with 0.25% trypsin (3 min at 37 C). Cold complete medium was then added to the cells to inactivate the trypsin, and cells were collected by centrifugation and plated onto 60-mm Falcon tissue culture dishes (Fisher Scientific, Pittsburgh, PA) in complete medium.
Cells were grown to confluence (5-7 d) in complete medium. Once cells reached confluence, they were washed with Hanks' buffered saline (Life Technologies, Inc.) and switched to serum-free DMEM with penicillin and streptomycin. After 18 -24 h, the conditioned medium was collected, centrifuged to remove floating cells, and transferred into 15-ml tubes (Costar, Corning, NY). The conditioned medium was stored at 4 C.
Mass spectrometry
Samples of conditioned media were analyzed by the Proteomic Core Facility at the Cutaneous Biology Research Center, Massachusetts General Hospital/Harvard Medical School (Boston, MA). Mass spectrometry was performed on PC-and PO-conditioned media (see below) using the Ciphergen SELDI-based protein chip system, which is most sensitive in detecting proteins with a molecular mass between 2 and 20 kDa. The molecular masses observed from the mass spectrometry analysis were compared with known proteins using the SwissPro and Entrez databases.
cDNA synthesis
Total RNA was isolated from both secondary PC and PO cell cultures and embryonic PC and PO tissue with Trizol treatment (Life Technologies, Inc.). One microgram of RNA was used for cDNA synthesis along with Superscript reverse transcriptase (RT) buffer (Life Technologies, Inc.), 0.1 m dithiothreitol, 10 mm deoxynucleotide triphosphate mix, random hexamer primers, and Superscript RT enzyme (Life Technologies, Inc.). The mixture was incubated at 37 C for 1 h before adding ribonuclease H (Life Technologies, Inc.), then incubated for 20 min at 37 C, and an additional 5 min at 95 C before a quick chill on ice. Additional reactions lacking the RT enzyme were used as negative controls. cDNA was stored at Ϫ20 C until use.
RT-PCR
Primers for CT were generated by IDT, Inc. (Coralville, IA). The primers start at positions 197 (CTATTTCCAAACGCTGTG) and 631 (TGAAGAGCCTCGTCTAGATT), which would produce a PCR product of 454 bp. For PCR, 1 l of cDNA was added to 1 m primers, PCR buffer (QIAGEN, La Jolla, CA), 20 nm deoxynucleotide triphosphate mix, HotStar Taq enzyme (QIAGEN), and sterile distilled H 2 O. The 35 cycle reaction was run in a Gene AMP 9600 PCR machine (Perkin-Elmer, Foster City, CA). The reaction was analyzed on a 3% NuSieve agarose (BioWhittaker, Inc., Walkersville, MD) gel with ethidium bromide. Each PCR was added to 2ϫ running buffer and compared with 400 ng of 100-bp marker and X174 RF DNA/HaeIII fragments (Life Technologies, Inc.). The gel was imaged under UV light using the Eagle Eye gel scanner (Stratagene, La Jolla, CA).
Tibiotarsal organ cultures
Tibiotarsi were dissected from embryonic d 12, stage 38 chick embryos (16) , and the surrounding tissue was removed. Because developmental variation of the long bone rudiments is observed even among carefully staged embryos (Ref. 17 and unpublished observations), the tibiotarsi from each embryo were maintained as an "experimental pair." In each pair, one tibiotarsus served as the untreated control, and the other was experimentally modified by adding 0.1-100 ng/ml CT.
In previous studies, we observed that when whole tibiotarsi were cultured, the cartilaginous ends underwent considerable curvature during growth. This, however, was diminished when only the tarsal 3/4 of the rudiment was used for culture. This facilitated subsequent measurements of the growth in length of the cartilage, so in the present study this was done. Each cartilage plus long bone shaft was placed on a piece of filter (Millipore Corp., Bedford, MA; HTTP4700) supported on a stainless steel mesh grid (Wire Mesh Corp., Los Angeles, CA) in an organ culture dish (Falcon). The cultures were maintained for 3 d (37 C; 7% CO 2 ) in serum-free DMEM, with or without CT. The media were changed daily. During this culture period, we have observed that the cartilaginous elements of the tibiotarsi grow, but the boney tissues do not (4) . The media were changed daily.
Analysis of organ cultures
To demarcate the border between the cartilage and the boney tissue, the organ culture rudiments were stained with 0.1% alizarin red (Fisher Scientific) in PBS for 7 min at room temperature. To facilitate penetration of the stain, the PC and PO were removed before staining. The length of the cartilaginous end was determined from digital micrographs taken with a RT-Spot camera (Diagnostic Instruments, Inc., Sterling Heights, MI) attached to a Leica Corp. (Bannockburn, IL) dissecting microscope. The length of each tarsal growth cartilage was measured along the midline of the cartilage, starting at the cartilage/bone border, and extending to the articular surface; quantification was obtained using the Image Pro computer program (Media Cybernetics, Carlsbad, CA). Such midline measurements compensate for any curvature of the cartilage that may occur during culture. For each experiment, the average cartilage length is presented, along with the error bars that represent the se of the mean and P values from paired t tests.
Immunohistochemistry
Cell cultures. Cells were grown on two-chamber slides (Falcon), with one chamber treated with 10 nm monensin (Sigma, St. Louis, MO). The slides were fixed with 4% paraformaldehyde in PBS at room temperature and permeabilized with methanol at Ϫ20 C. Background staining was reduced by treatment with 1% BSA (Sigma). The slides were incubated in primary rabbit-anti-Eel CT antibody (Phoenix Pharmaceuticals, Inc., Belmont, CA) for 45 min at 37 C. The antibody was visualized with goat-antirabbit IgG conjugated to rhodamine (Pierce Chemical Co., Rockford, IL). To amplify the signal two rounds of staining were done, as described previously (18) . As a negative control, nonimmune rabbit serum was used instead of the primary antibody. Slides were coverslipped with 75% glycerin and 1 g/ml Hoechst (Sigma). Digital images were captured with a RT-Spot camera attached to a Nikon (Kanagawa, Japan) fluorescence microscope.
Organ cultures. The growth cartilage was dissected from the surrounding boney tissue, and was then labeled with a 5-bromo-2Ј-deoxy-uridine labeling reagent (BrdU, Roche Molecular Biochemicals, Indianapolis, IN) in serum-free DMEM at 37 C for 2.5 h. It was then fixed in 1ϫ Histochoice (Amresco, Solon, OH) at room temperature, infiltrated with 8% sucrose (overnight at room temperature), followed by OCT (Tissue-Tek, Torrance, CA) embedding medium for 30 min before freezing at Ϫ80 C and storage at Ϫ20 C.
The cartilages were then analyzed histologically for cell proliferation (by BrdU incorporation) and hypertrophy (by type X collagen staining). In preliminary samples, we determined that the region that incorporated BrdU and the hypertrophic region (stained for type X) were widely separated from one another. Therefore, we could perform immunohistochemistry for both parameters on the same section, which facilitated subsequent analysis.
Ten-micrometer serial sections were cut using a cryostat (Microm HM560, Richard Allan, Kalamazoo, MI) and were placed on Biobond (Electron Microscopy Sciences, Fort Washington, PA) coated 12-spot microscope slides. The sections were examined and compared, and those that went through the midline of each cartilage (determined by the relationships of the cartilage and the advancing marrow cavity) were used in the subsequent analyses.
The sections were washed with PBS, and, to expose the BrdU epitope, were incubated in 2 n HCl (30 min, room temperature). They were washed three times with 50 mm NaCl and 100 mm Tris-HCl, pH 7.4 (Life Technologies, Inc.) for 20 min. To expose the type X collagen epitope within the matrix, the sections were then treated with 0.5% hyaluronidase (Sigma; 30 min at 37 C). Background staining was reduced by treatment with 1% BSA (Sigma; 5 min at room temperature).
The sections were then incubated with a 1:1 mixture of the primary antibodies for BrdU (G3G4, Developmental Studies Hybridoma Bank) and for collagen type X (X-AC9; Ref. 19 ). These antibodies were visualized with a secondary rhodamine conjugated goat antimouse IgG (Pierce Chemical Co.) and the slides were coverslipped with 75% glycerin and 1 g/ml Hoechst (Sigma). Digital images were captured with a RT-Spot camera attached to a Nikon fluorescence microscope.
The ImagePro analysis program was employed to determine numbers of proliferative nuclei (BrdU labeled) and the total nuclei (Hoechst staining) in control and CT-treated cultures. The percentage of proliferative nuclei for each was calculated, and the data were subjected to further analysis of sd and standard t tests. This program was also used to determine the difference in areas of the hypertrophic zone (type X-collagen positive) between control and CT-treated cultures, and the data were analyzed using the within subjects t test.
All experiments involving chicken embryos were conducted according to accepted standards of humane animal care.
Results and Discussion
As described in the Introduction, our previous results (4, 5) employing organ cultures of embryonic chicken tibiotarsieither intact or from which the PC and PO have been removed (PC/PO-free) suggest: 1) that the PC and the PO negatively regulate cartilage growth; 2) that this negative regulation requires a cooperative interaction of diffusible factors produced by PC and PO cells; 3) that each of these cell types also produces a positive/stimulatory regulatory activity; and 4) that the positive regulatory activity from each cell type acts autonomously (i.e. it does not require an interaction with the other cell type). These studies also showed that the positive and the negative regulation by the PC and PO cells was mediated by secreted factors whose activities could be detected in conditioned media harvested from cultures of the cells.
To begin to identify these regulatory factor(s), we employed mass spectrometry to analyze the conditioned media from the PC and the PO cell cultures. One peak had a molecular mass of 3.4 kDa, a size that searches of SwissPro and Entrez protein databases revealed to be precisely that of the peptide hormone, chicken CT. The classic source of CT is the parafollicular cell of the thyroid, and functionally its best known action is in the systemic maintenance of calcium homeostasis (10) . However, certain previous studies by others had suggested that systemic CT might be involved in cartilage growth (see Introduction and Ref. 15 ). We therefore examined further whether the protein detected in the conditioned media was PC and PO derived CT, and whether functionally CT showed stimulation of cartilage growth in a manner consistent with that of the PC and PO conditioned media.
By RT-PCR using primers for chicken CT, a product of the predicted size (454 bp) was obtained with mRNAs from freshly isolated PC and PO tissues (Fig. 1, tPC and tPO) , and from cultures of both types of cells (Fig. 1, cPC and cPO) . Likewise, the 454-bp band was obtained with a positive control, brain (BR), which contains a known source of CT, the pituitary, but little if any product was obtained with a negative control tissue, the corneal epithelium (CE). All reactions also included primers for an internal standard, G3PDH, which, in each, gave the predicted 210 bp product (Fig. 1) . To verify that the 454-bp bands did represent CT, the bands from PC and PO cells were extracted, purified, and sequenced. The cDNA had a sequence identical to that of chicken CT mRNA.
We next examined whether CT protein is also present in the PC and PO cells, and if so is it secreted. For this, we performed immunohistochemistry to visualize the intracellular protein in cultured cells, and we compared cultures grown under normal conditions vs. ones in which secretion was blocked by treatment with monensin. Monensin is a sodium ionophore that prevents exocytosis and thus increases intracellular stores of secretory vacuoles containing products that are normally secreted (20) . In untreated cultures, both types of cells showed intracellular staining for CT (Fig. 2, top panels, rhodamine signal) . This staining was predominantly perinuclear (nuclei visualized by Hoechst staining) suggesting Golgi localization. In cells treated with monensin the intracellular signal for CT was greatly increased (Fig. 2, bottom panels) and had a vacuolar appearance-as predicted for a protein that normally undergoes secretion. The vacuolar location of much of this immunofluorescence was confirmed by visualization using Hoffman interference optics; the specificity of the fluorescence signal was verified by using nonimmune rabbit serum as the primary antibody, which gave a barely detectable diffuse fluorescence throughout the cell (data not shown).
To test whether CT functionally might serve as the positive stimulator of cartilage growth that is secreted by the PC and PO cells, PC/PO-free organ cultures were supplemented with synthetic chicken CT. First, however, we tested it on cultures in which the endogenous PC and PO were left intact. Our previous results (5) showed that when the conditioned medium from PC or PO cell cultures was tested on such intact cultures there was no effect on growth; most likely the endogenous PC and PO were secreting the factor(s) in sufficient quantity to effect maximum growth. Likewise, the addition of CT to such PC/PO-intact cultures showed no stimulation of growth (data not shown).
However, when CT was added to the PC/PO-free organ cultures (at concentrations from 0.1-100 ng/ml) it stimulated growth (Fig. 3, A and B) . Increases in cartilage growth were observed at all concentrations, although at the two lower doses (0.1 and 1.0 ng/ml) the increases were not statistically significant. The higher doses (10 and 100 ng/ml) produced statistically significant increases that corresponded to an overall increase in length of 6.5%. This stimulation compared favorably with the 8% increase we observed previously with the PC or the PO-conditioned medium.
Histological analyses of the cultures showed that the growth stimulation by CT involved increases in both the percentage of chondrocytes in the proliferative zone that incorporated BrdU (when given as a 2.5-h pulse), and in the size of the hypertrophic zone. These changes are illustrated in the micrographs of representative sections through the middle of the proliferative zone (Fig. 4A ) and the hypertrophic zone (Fig 4B) of serially sectioned pairs (see Materials and Methods) of CT-treated and untreated tibiotarsi. As can be seen in Fig. 4A , the number of cells incorporating BrdU in the proliferative zone (which at this stage of development encompasses much of the epiphysis) was increased in the CTtreated cultures compared with the control cultures (untreated). The percentage of BrdU-positive nuclei in the CT-treated cultures was 26.6% Ϯ 0.7% (mean Ϯ sd) vs. 19.0% Ϯ 1.4% for the untreated controls (n ϭ 5; P Ͻ 0.00001).
In Fig. 4B , the micrographs are of sections through the middle of the entire zone of hypertrophic cartilage (fluorescently immunostained for the hypertrophic cartilage specific extracellular matrix molecule type X collagen) and the advancing marrow cavity (designated as mc). In these micrographs it can be clearly seen that the CT treatment produced an increase in both the length and width of this zone-also previously observed by Burch and Corda (see Introduction and Ref. 15 ). To quantify this difference, the area of the hypertrophic zone of sections from pairs of control and CTtreated cultures was determined-with the sections of each member of a pair being matched in location with respect to the marrow cavity. The average increase in the CT-treated cultures vs. the control cultures (n ϭ 5) was 19.2% Ϯ 3.4% (mean Ϯ sd), when analyzed by the within subject's t test, P Ͻ 0.001.
Therefore, all of the results we have obtained with CT are consistent with it being the positive regulator of cartilage growth we observed to be produced by the PC and PO-or at least one of the regulators.
These results suggest that CT from the PC and PO, in its stimulation of cartilage growth, is acting locally to influence
Immunofluorescence micrographs of intracellular CT in PC and PO cells with and without monensin treatment, plus Hoechst staining for nuclei. In each panel the red, rhodamine signal is the CT and a blue, Hoechst signal shows the nuclei. Intracellular CT was detected in both cell types (top panels, untreated), and this was increased in cells that had been incubated with monensin (bottom panels, monensin treated). The staining has a vacuolar appearance, which upon monensin treatment becomes increased and more localized in the perinuclear region, as would be predicted for vacuolar secretory products being backed up in the Golgi apparatus. FIG. 3 . A, Photomicrograph of an organ culture pair in which one tibiotarsus was untreated (top), and the contralateral tibiotarsus was treated with10 ng/ml CT (bottom). The lines depict the midline measurements. B, Bar graph of cartilage growth in organ cultures of pairs of tibiotarsi from the same embryo in which one member of each pair was cultured with CT and the other served as a control. Cultures treated with 0.1 and 1 ng/ml CT grew to 4.24 mm and 4.19 mm, respectively, compared with the controls which averaged 4.15 mm and 4.13 mm. Cultures treated with 10 ng/ml CT, grew to 4.38 mm, compared with the controls that averaged 4.0 mm, and cultures treated with 100 ng/ml grew to 4.4 mm, compared with the untreated controls which averaged 4.15 mm. For organ culture pairs treated with 0.1 ng/ml, n ϭ 20; for 1 ng/ml, n ϭ 19; for 10 ng/ml, n ϭ 12; for 100 ng/ml, n ϭ 16. Error bars represent SEM. Paired t test analysis for organ culture pairs treated with 0.1 ng/ml, P Ͼ 0.1; for 1 ng/ml, P Ͼ 0.1; for 10 ng/ml, P Ͻ 0.05; for 100 ng/ml, P Ͻ 0.05. growth of the underlying cartilage (i.e. as a paracrine factor). This is in contrast to its well-characterized systemic effect on calcium homeostasis, resulting from its secretion by the parafollicular cells of the thyroid into the circulation. The levels of CT measured in human serum typically range from 20 -40 pg/ml. This is considerably lower than the levels we tested in the PC/PO-free organ cultures (0.1-100 ng per ml). However, in the proposed paracrine function of the PC and PO-derived CT on the underlying cartilage, the local concentration at which the CT exists is completely unknownand may in fact be extremely high.
To our knowledge, the evidence presented here is the first suggesting a paracrine mechanism exists for CTmediated stimulation of cartilage growth. However, recently a similar mechanism involving the local production and utilization of CT has been proposed in the stimulation of growth of the mammary gland during pregnancy (7) . In addition, receptors have been found in a number of tissues including brain, ovary, and testis (21). We do not yet know whether the growth response to CT we have detected in cartilage involves the presence of CT receptors on the chondrocytes. The chicken CT receptor has not been isolated or cloned, and at present this precludes such analyses. In addition, studies by others have reported effects of CT on osteoblasts, although there is no conclusive evidence for the receptor in this cell type (for review, see Ref. 22) . Thus, the question of whether the paracrine signaling by the PC-and PO-derived CT on cartilage is receptor mediated will require further investigation.
